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The dielectric barrier discharge characteristics in helium at atmospheric pressure are simulated based on a onedimensional fluid model. Under some discharge conditions, the results show that one discharge pulse per half voltage
cycle usually appears when the amplitude of external voltage is low, while a glow-like discharge occurs at high voltage.
For the one discharge pulse per half voltage cycle, the maximum of electron density appears near the anode at the
beginning of the discharge, which corresponds to a Townsend discharge mode. The maxima of the electron density and
the intensity of electric field appear in the vicinity of the cathode when the discharge current increases to some extent,
which indicates the formation of a cathode-fall region. Therefore, the discharge has a transition from the Townsend
mode to the glow discharge mode during one discharge pulse, which is consistent with previous experimental results.
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1. Introduction
In recent years atmospheric pressure glow discharge (APGD) has received extensive attention. This
kind of discharge has many industrial applications,
such as surface modiﬁcation,[1] ozone generation, biological sterilization,[2] and pollution control[3] due
to its ability to dispense with expensive vacuum
systems.[4]
The discharge mechanism has been investigated
both experimentally and numerically. For numerical
simulation, continuity equations coupled with Poisson’s equation are usually solved to investigate the
discharge mechanism. Since calculating the solution
of the electric ﬁeld from Poisson’s equation is a complicated and time-consuming procedure, Kulikovsky[5]
put forward a new way of using the current conservation equation instead of Poisson’s equation. With
this method, the characteristics of APGD controlled
by a dielectric barrier with electrodes in several diﬀer-

ent geometries, such as parallel plate geometry, and
coaxial geometry have been investigated.[6−9] Their
results show that the homogeneous dielectric barrier
discharge at atmospheric pressure in helium is usually
featured by one current peak per half cycle of the applied voltage and the space structure of this discharge
is similar to that of low pressure glow discharge. It
has also been found that the discharge can operate in
either Townsend mode or glow mode under diﬀerent
operational conditions.
In experimental studies, intensiﬁed charge couple device (ICCD) cameras are often used to take
images of the discharge gap.[10] In Ref. [10], temporally resolved images are taken in one discharge pulse
by an ICCD camera in helium at atmospheric pressure. Therefore, the spatiotemporal distribution of
light emission intensity is obtained. A transition from
a Townsend discharge to a glow one is observed experimentally during one discharge pulse. However, it
has not been studied numerically. In this paper, the
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transition is investigated numerically based on a onedimensional ﬂuid model.

Instead of Poisson’s equation, the electric ﬁeld is
obtained from the current conservation equation[5]
∂E(x, t)
+ iC (x, t) = iT (t),
(4)
∂t
where iT is the total current density, iC is the conduction current density, and ε(x) is the permittivity and
depends on the position. ε(x) = ε0 in the gas region
and ε(x) = ε0 εb in the dielectric layers, where εb is
the relative permittivity of the dielectric barrier. The
electric ﬁeld satisﬁes the following condition:
∫ d
E(x, t)dx = Va (t).
(5)
ε(x)

2. Simulation model
The discharge is generated between two parallel–
plate electrodes covered by dielectric layers, as shown
in Fig. 1. A sinusoidal voltage Va (t) = Up sin(2πf t) is
applied between the two electrodes. The thicknesses
of two dielectric layers are d1 and d2 , respectively. The
discharge gap is dg and d is the distance between the
metallic electrodes.

The conduction current density iC is determined
in terms of jp and je as

electrodes
d2

d1

0

dielectric layers

iC (x, t) = e(jp (x, t) − je (x, t)),

discharge gap
dg
x2 d

0 x1

Fig. 1. Electrode configuration used in the present model.

Pure helium is used as the working gas. The numerical simulation is based on a one-dimensional ﬂuid
model. Electrons and ions are described by the continuity equations as follows:
∂ne,p
∂je,p
+
= S,
∂t
∂x

(1)

where n is the particle density, j is the ﬂux, S is the
source term, and subscripts e and p represent the electrons and ions, respectively. In the source term, the
direct ionization by electron impact and electron–ion
recombination are considered.
S = αµe |E| ne − βne np ,

(2)

where α, β, and µe are Townsend ionization coefﬁcients, electron-ion recombination rate coeﬃcients,
and electron mobility, whose values are identical to
those used in Refs. [11]–[13]. Furthermore, je,p can be
obtained from the momentum equation as
je,p = ∓µe,p ne,p E − De,p

∂ne,p
,
∂x

(3)

where µ and D are the mobility and diﬀusion coeﬃcients, whose values are taken from Ref. [12].

(6)

where jp and je are respectively the ion and electron
ﬂuxes, which are derived from Eq. (3). Secondary
electron emissions from the instantaneous cathode are
considered here for ion bombardment alone, and therefore the electron ﬂux leaving the cathode is taken as
γjp (x, t). Here γ is the secondary emission coeﬃcient.
The expression of iT can be obtained by integrating
Eq. (4) from x = 0 to x = d as
(
)−1
d1 + d2
iT (t) = dg +
ε0
[∫ x2
]
∂Va (t)
×
iC (x, t)dx − ε0
. (7)
∂t
x1

3. Results and discussion
In our simulation the above set of equations
is solved by the semi-implicit Scharfetter–Gummel
scheme.[14,15] The simulation parameters are chosen
as follows. The discharge gap dg is ﬁxed to be 2.0 mm,
the gas pressure is about 1.01×105 Pa, the gas temperature is 300 K, and the electron energy is 1.5 eV. The
secondary electron emission coeﬃcient γ is assumed
to be 0.01, and the thicknesses of the dielectric layers
are the same (d1 = d2 = 1.0 mm) with their relative
permittivity εb being 7.5. The initial electron and ion
densities in the gas gap are considered to be uniform,
i.e., ne (x, 0) = np (x, 0) = 107 cm−3 . Since the initial
value of surface charge density has no eﬀect on the discharge characteristics after the discharge has reached
a steady state (about 20 discharge cycles), it can be
chosen arbitrarily. In this paper, the initial value is

075204-2

Chin. Phys. B

Vol. 21, No. 7 (2012) 075204

2

(a)
1

Va

0

iT
Vg

-1
-6
0

10

20

-2
30

1

3

Va
0

0
-3

Vg

-6
0

10

Va

1

0
Vg

-1

Voltage/kV

Current density/mAScm-2

5

-10
0

10

20

Current density/mAScm-2

4

3
(c)

10

-5

-2
30

20
Time/ms

Time/ms

iT

-1
iT

30-3

15

(d)
2
Va

5

0
Vg

-5

Voltage/kV

-2

(b)

6

Voltage/kV

2

2

ing amplitude of iT , the waveform of iT is similar in
shape to that shown in Fig. 2(a). When the value of Up
increases to 2300 V, two current pulses appear per half
cycle of the applied voltage, as shown in Fig. 2(c). Figure 2(d) illustrates that more current peaks are formed
when Up is 3000 V. The discharge modes shown in
Figs. 2(c) and 2(d) are both glow-like discharges as
indicated in Ref. [17]. Consequently, it can be concluded that the discharge mode changes from APGD
to a glow-like discharge with Up increasing.
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chosen to be zero. Unless otherwise stated, the amplitude (Up ) and driving frequency (f ) of the applied
sinusoidal voltage are 1.5 kV and 33 kHz, respectively.
Figure 2 shows the waveform of the applied voltage Va , gas voltage Vg , and total current iT under
diﬀerent values of Up . From Fig. 2(a), it can be found
that there is only one discharge current pulse per half
cycle of the applied voltage when Up is low (1500 V),
which is an indication of APGD.[16] Figure 2(b) shows
the scenario at Up = 1700 V. Apart from the increas-
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Fig. 2. (colour online) Waveforms of applied voltage (Va ), gas voltage (Vg ) and total current (iT ) at (a)
Up = 1500 V, (b) 1700 V, (c) 2300 V, and (d) 3000 V.

Figure 3(a) indicates the inception value of the
applied voltage (Vain ) as a function of Up . It can
be found that Vain decreases with the increase of Up .
When Vain is less than zero, it is called the discharge

linear relationship, an equivalent circuit of the discharge in parallel plate geometry is given in Fig. 4.
From the equivalent circuit, the total current iT can
be deduced as follows:[19]

before zero-voltage. This phenomenon of discharge

iT ≈ 2πf Up Cb .

before zero-voltage has been found experimentally by
Dong et al.[18] They attributed it to the eﬀect of wall
charges on the dielectric. As shown in Fig. 2, the discharge is the APGD mode for one discharge pulse per
half cycle. Figures 3(b) and 3(c) show the peak value
of iT as a function of Up and f under this APGD
mode, respectively. It can be found that iT changes
almost linearly with Up and f . In order to explain the

(8)

Here, Cb is the capacitance of the dielectric layer. Formula (8) shows that iT is proportional to Up as well
as f . That is to say, iT changes linearly with Up with
constant f , which is consistent with the result shown
in Fig. 3(b). Furthermore, iT is proportional to f with
constant Up , which is consistent with the result shown
in Fig. 3(c).
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Figure 5 shows an enlarged part of the discharge
current iT corresponding to the scenario shown in
Fig. 2(a). Points A to G correspond to the moments
at 1.0, 3.7, 3.9, 4.1, 4.3, 4.5, and 4.6 µs, respectively.
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Fig. 5. An enlarged part of the discharge current iT corresponding to that shown in Fig. 2(a).
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Fig. 3. (colour online) (a) The inception voltage as a
function of Up . (b) The peak value of iT as a function of
Up at a driving frequency of 33 kHz. (c) The peak value
of iT as a function of f with Up being 1.5 kV.
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Fig. 4. An equivalent circuit of the discharge in parallel
plate geometry.

Figure 6 shows the spatial distributions of electron density, ion density, and the electric ﬁeld corresponding to the moments A to G, respectively. At
the very beginning of the discharge (moment B), the
maximum of electron density appears at the anode.
The electric ﬁeld as well as the ion density are almost uniformly distributed along the gap. Such a behaviour is a typical Townsend breakdown mechanism.
In Townsend mode, electron avalanches develop from
the cathode to the anode. The number of electrons increases in the process. Therefore, the maximum electron density appears at the anode. It can also be
found from Fig. 6 that the maximum of electron density shifts toward the cathode with the discharge moment changing, the number of ions near the cathode
rapidly increases, and the electric ﬁeld also increases
in front of the cathode. At moment G, a cathode-fall
region can be discerned in Fig. 6(c), which implies that
the discharge mode has been converted into a glow discharge mode. Therefore, it can be concluded that the
discharge mode transits from a Townsend discharge to
a glow discharge during one current pulse for APGD.
As is well known, the intensity of the light emission is proportional to the density of excited atoms.
Furthermore, the excited atom density is determined
by the electron density. Therefore, ﬁgure 6(a) also
indicates that the maximum of the light emission appears at the anode at the beginning of the discharge
pulse. With time passing by, the maximum of the light
emission shifts towards the cathode. At moment G,
the maximum of light emission intensity appears near
the cathode after the cathode-fall region is formed.
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